Interaction of Diabetes and Hypertension on Determinants of Endothelial Adhesiveness
pidemiological studies have established that individuals with non-insulin-dependent diabetes mellitus or hypertension have a greater risk of developing atherosclerotic vascular disease. 1, 2 Furthermore, there appears to be a synergistic interaction between the two factors, because individuals with both disorders are at a much higher risk of incurring coronary artery disease and subsequent cardiovascular events than are those with either risk factor alone. The mechanism of this interaction has not been defined at either the metabolic or the cellular level. With regard to metabolism, recent reports have pointed out that resistance to insulin-mediated glucose disposal is common to both syndromes and is often associated with hyperinsulinemia and hypertriglyceridemia. 3 One of the earliest abnormalities observed at the cellular level during atherogenesis is enhanced monocyte adherence to the endothelium. 4, 5 The adherence of monocytes and their diapedesis into the subendothelial space is mediated by the induced expression of adhesion molecules and chemotactic proteins. Changes in the oxidative state of the EC may be responsible for the expression of endothelial adhesion molecules and chemokines. Hyperlipidemia and diabetes result in a marked increase in the generation of oxygen-derived free radicals from vascular cells. [6] [7] [8] This oxidative stress may induce a panel of oxidant-responsive genes that mediate monocyte-EC interactions. 9, 10 However, the interaction of diabetes and hypertension on endothelial oxidative state and EC-monocyte interactions is unknown. The present study was designed to further delineate the effects and interaction of various metabolic changes associated with hypertension and diabetes on the determinants of endothelial adhesiveness.
Methods Experimental Protocol
WKY rats (Taconic, Germantown, NY) 8 to 9 weeks of age at the beginning of the experiments were assigned to one of the following three groups: normal Purina chow (No. 5012, nϭ6), high-fructose chow (60% fructose, 11% fat, and 22% protein; Teklad Labs, nϭ4), and high-fructose chow and STZ injection (fructoseϩSTZ 35 mg/kg, nϭ5). The fructose-enriched diet leads to insulin resistance, hyperinsulinemia, and hypertriglyceridemia and renders the rats more sensitive to the diabetogenic effects of STZ. 11 To investigate the role of a second risk factor, hypertension, we also studied SHRs (8 to 9 weeks of age at the beginning of the experiments) that were also assigned to one of the same three regimens (chow, nϭ6; fructose, nϭ4; and fructoseϩSTZ, nϭ6). After 2 weeks, blood was drawn from the tail vein for determination of plasma glucose (in mg/dL), 12 triglyceride (in mg/dL), 13 and insulin (in U/mL) 14 concentrations. Mean arterial blood pressure was monitored by the tail-cuff method 15 before and after the treatment regimen. The equipment used included magnetic animal holders connected to a manual scanner (model 65-12, HTC), a pulse amplifier (model 59, HTC), and a dual-channel recorder (model 1202, Linear Instruments). These protocols were approved by the Administrative Panel on Laboratory Animal Care of Stanford University and were performed in accordance with the recommendations of the American Association for the Accreditation of Laboratory Animal Care.
Cell Culture
Murine monocytoid cells (WEHI 78/24) were grown in Dulbecco's modified Eagle's medium and 10% fetal calf serum in an atmosphere of 5% CO 2 -95% air. Before the binding studies, WEHI 78/24 cells were fluorescently labeled with TRITC (3 g/mL, Molecular Probes) for 15 minutes at room temperature. The cell suspension was carefully underlaid with a layer of fetal calf serum and then centrifuged at 400g to separate labeled cells from the remaining dye. Cells were washed in complete medium and resuspended in HBSS containing 1 mmol/L Ca 2ϩ , 1 mmol/L Mg 2ϩ , and 2 mmol/L HEPES for binding studies.
Binding Studies
Monocyte binding studies were performed as previously described. 5 In brief, the animals were killed by decapitation and thoracic aortas were removed and placed into ice-cold, oxygenated PBS. A 30-mm segment of aorta was excised immediately distal to the left subclavian artery and cleaned of adventitial tissue. Aortic segments were then carefully opened longitudinally and placed into 35-mm culture dishes containing 2 mL HBSS. Aortic strips were fixed to the culture dish with the use of 25-gauge needles and placed on a rocking platform at room temperature. After 10 minutes HBSS was replaced by 2 mL HBSS containing fluorescently labeled WEHI 78/24 cells (2ϫ10 6 /mL) for 30 minutes; the dishes were rotated 120°every 10 minutes. Nonadherent monocytes were then washed off, and adherent cells were counted by epifluorescence microscopy from at least 20 different sites. Data are expressed as a percentage of adherent cells on the thoracic aorta from a control animal studied in parallel.
Superoxide Anion Measurements
To determine whether changes in endothelial adhesiveness were associated with alterations in vascular superoxide anion generation, the following studies were performed. Superoxide anion production by aortic segments was monitored by lucigenin chemiluminescence and a modification of the method previously reported. 16 Aortic rings (2 cm) were resuspended in HBSS containing lucigenin (bis-Nmethylacridinium nitrate, 250 mol/L). Superoxide anion generation was monitored in a Turner Designs luminometer for 1 minute with a 30-second delay. The relative specificity of lucigenin-induced chemiluminescence by superoxide anion is demonstrated by the potent effect of Tiron (an intracellular scavenger of superoxide anion) to block the signal and the lack of effect of H 2 O 2 scavengers.
NO x Measurements
In some experiments, the aortic segments were prepared as described above and incubated with 1 mL HBSS medium containing calcium ionophore (1 mol/L, Sigma) and L-arginine (100 mol/L, Sigma) at 37°C to induce NO production. After 120 minutes, samples of the medium (100 L) were collected for measurement of NO x (NO and one-electron oxidation products of NO). NO x levels were measured by using a commercially available chemiluminescence apparatus (Dasibi model 2108) after reduction of the samples in boiling acidic vanadium(III) at 98°C. 5 Boiling acidic vanadium quantitatively reduces NO 2 Ϫ and NO 3 Ϫ to NO, which is quantified by the chemiluminescence detector after reaction with ozone. Signals from the detector were analyzed by a computerized integrator and recorded as areas under the curve. Standard curves for NO 2 /NO 3 were linear over the range of 100 pmol to 5 nmol.
Immunohistochemistry
Segments of freshly isolated thoracic aortas were rinsed in cold PBS and fixed in 10% buffered formalin, embedded in paraffin, and sectioned. Immunohisotchemical analysis was performed by using primary antibodies raised against rat MCP-1 (a generous gift from Dr T. Yoshimura, National Cancer Institute, Frederick, Md) or AGEs (Wako). Sections were incubated with primary antibody or unrelated IgG for 1 hour at room temperature. After the sections were washed three times in PBS for 15 minutes, secondary antibody (FITClabeled goat anti-mouse IgG, Zymed Laboratories) was applied for 25 minutes at room temperature. Balloon-injured rat carotid arteries and glycosylated albumin (kindly provided by M. Ohno, University of Tokyo) were used as positive controls for AGE staining.
Data Analysis
All values in text are expressed as meanϮSEM of n independent experiments. Differences between specific means were tested by ANOVA with post hoc analysis using Fisher's protected least significant difference test. A value of PϽ0.05 was accepted as statistically significant. Table 1 summarizes the biochemical data. Although plasma glucose and TG concentrations were similar in chow-fed SHRs and WKYs, SHRs had significant increases in both plasma insulin concentrations and blood pressure. Plasma glucose concentrations increased modestly in both groups of rats in response to the fructose-enriched diet. Plasma insulin concentrations increased by Ϸ20 U/mL in both SHRs and WKYs in response to fructose, and the difference between the two groups of rats was maintained. Plasma TG concentrations also increased in both WKYs and SHRs in response to fructose. Blood pressure remained similar in fructose-fed WKYs but increased in SHRs, further exaggerating the difference between the two groups. Plasma insulin concentrations decreased after STZ in SHRs and WKYs and were associated with increases in both plasma glucose and TG concentrations. However, it is apparent from 
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Metabolic Studies
Studies of EC Adhesiveness
To investigate whether these metabolic perturbations were associated with alterations in monocyte adhesiveness, thoracic aortas were isolated and functional binding assays performed. As shown in Figure 1 , endothelial adhesiveness for monocytes was 178% higher in aortas from chow-fed SHRs than in WKYs (PϽ0.05). These values did not change in either group in response to the fructose-enriched diet. STZ-induced diabetes was associated with significantly increased adhesiveness in thoracic aortas from both WKYs (164% of control, PϽ0.05) and SHRs (267% of control, PϽ0.01). Moreover, the increase in STZ-treated SHR animals was significantly greater than in SHR animals (PϽ0.05), indicating a positive interaction between hypertension and hyperglycemia with respect to their effect on endothelial adhesiveness.
Determinants of EC Adhesiveness
Oxygen-derived free radicals have been implicated in metabolically induced alterations of endothelial function. Accordingly, the arch of the aorta was cleaned of adventitia and superoxide anion generation was measured by lucigeninenhanced (250 mol/L) chemiluminescence. The results of the measurements are presented in Figure 2 . Superoxide generation was increased by Ϸ100% in chow-fed SHRs compared with chow-fed WKYs (PϽ0.05). There was no change in either SHR or WKY animals when they consumed the fructose-enriched diet. Superoxide anion production increased significantly after STZ injection in both groups of rats, and the combination of hypertension and hyperglycemia observed in SHRs led to free-radical generation that was 347% of the control value (chow-fed WKY), indicating an additive effect of the two risk factors.
Endothelium-derived NO has been shown to suppress endothelial adhesiveness for monocytes. 5, 17, 18 To determine whether the metabolic perturbations had an effect on the elaboration of NO, measurements of NO in conditioned medium were made. There was no difference between any of the groups studied in the amount of stimulated NO x measured ( Table 2 ). This indicates that NO production by the vessel wall was not altered by diabetes or hypertension (although it is likely that NO degradation is accelerated in the setting of increased superoxide anion generation).
MCP-1 is a major chemokine involved in monocyte-EC interactions in atherogenesis whose expression is regulated in part by an oxidant-sensitive transcriptional pathway mediated by nuclear factor-B. 19, 20 To identify whether MCP-1 expression was elevated in hypertensive and hyperglycemic rats, immunohistochemical studies were performed. Aortas isolated from WKY control rats displayed no immunohistochemical evidence of MCP-1 in any section investigated ( Figure 3A) . By contrast, punctate staining for MCP-1 was observed scattered throughout both WKY and SHR aortas from animals treated with STZ. MCP-1 staining was located in both ECs as well as medial smooth muscle cells. These observations are consistent with in vitro studies that have demonstrated MCP-1 expression induced by oxidative stress in both ECs and smooth muscle cells. Moreover, MCP-1 was dramatically enhanced in STZ-treated SHR animals, with the majority of positive staining occurring in the smooth muscle layer ( Figure 3B ). Negative controls were performed with isotype-matched antibodies on serial sections of aortas.
AGEs have been localized in vascular lesions of diabetic humans and animals. 21, 22 AGEs can interact with their specific receptor (RAGE) and induce oxidative stress, increase vascular cell adhesion molecule-1 expression, and enhance monocyte binding. Therefore, we investigated whether AGEs may be playing a role in the current study by immunohistochemistry. In contrast to MCP-1, there was no evidence of AGEs in any of the sections studied.
Discussion
The salient findings of this study are the following: (1) aortic endothelium derived from diabetic or hypertensive rats displays increased adhesiveness for monocytes, (2) this abnormality is associated with elevated vascular superoxide anion production and expression of MCP-1, and (3) there is a positive interaction between hypertension and hyperglycemia to enhance endothelial adhesiveness and its determinants.
In this study we have employed several rodent models in an effort to evaluate the impact of a variety of potential factors that might modulate endothelial adhesiveness and thus accelerate atherogenesis. Although the experimental manipulations used led to a variety of metabolic and hemodynamic changes, a surprisingly simple story has emerged. To fully understand the implications of the results presented, it is important to discuss the models themselves. In addition to being hypertensive, SHRs are relatively insulin resistant and hyperinsulinemic compared with WKYs. 23 These differences were also observed in the current study (see Table 1 ) and were associated with an increase in endothelial adhesiveness as shown in Figure 1 . Feeding rats a fructose-enriched diet leads to insulin resistance, hyperinsulinemia, hypertriglyceridemia, and an increase in blood pressure 24 ; these findings are corroborated by the results in Table 1 . However, despite the increase in plasma TG and insulin levels, endothelial adhesiveness did not increase in thoracic aortas from WKYs. Similarly, endothelial adhesiveness did not increase further in SHRs (Figure 1 ), despite substantial fructose-induced increases in plasma TGs and insulin concentrations. Therefore, it appears that hypertension per se was responsible for the increased adhesion of monocytes to thoracic endothelium from SHRs as shown in Figure 1 , with little or no effect of hypertriglyceridemia or hyperinsulinemia.
The conclusion that hyperinsulinemia itself does not affect the binding of mononuclear cells to thoracic aortas is further supported by the changes seen after STZ injection. The results in Table 1 indicate that plasma insulin concentrations fell in both SHR and WKY animals injected with STZ, whereas endothelial adhesiveness increased significantly ( Figure 1) . Thus, hyperglycemia, or some unknown abnormality associated with the development of diabetes, seems to play an independent role in determining the degree to which thoracic aortas from SHRs and WKYs bind mononuclear cells.
The current study focused on the effects of diabetes and hypertension on endothelial adhesiveness for monocytes. In addition, it is likely that this endothelial dysfunction will result in increased adherence of other blood cell elements, such as neutrophils and platelets. 25, 26 Furthermore, these risk factors may also have important direct effects on circulating cells to enhance their activity. Indeed, we have previously observed that mononuclear cells isolated from patients with non-insulin-dependent diabetes mellitus bind more avidly to cultured ECs than do mononuclear cells derived from control subjects. 27 Along with demonstrating that hypertension and hyperglycemia affect endothelial adhesiveness, the results presented add evidence to the mechanism(s) responsible for these phenomena. As such, this study may provide insight into the mechanism by which diabetes and hypertension accelerate atherogenesis. Vascular free-radical production has been implicated in several pathophysiological conditions that contribute to atherogenesis, including hypercholesterolemia, hypertension, and diabetes mellitus. Schmid-Shönbein and colleagues 28 have demonstrated increased vascular superoxide anion production in the SHR compared with normotensive controls through the use of an oxidant-sensitive fluorophore in vivo; treatment with dimethylurea or a xanthine oxidase inhibitor attenuated the oxidative stress. Interestingly, fluorescent staining was considerably higher along the arterial wall than the venular wall. Endothelium-dependent vasodilator dysfunction in hypertensive as well as diabetic vessels is reversed by SOD, further implicating spontaneous oxidative stress in these conditions. 7 Furthermore, growth of endothelial or smooth muscle cells in hyperglycemic media results in increased superoxide anion production and marked enhancement in oxidation of LDL. 29 In the present study, we have demonstrated that thoracic aortas derived from STZ-induced diabetic animals as well as SHRs generate increased levels of oxygen-derived free radicals. Although lucigenin chemiluminescence may reflect production of other free radicals in addition to superoxide anion, 30 hypertension and hyperglycemia appear to independently induce oxidative stress; moreover, there is an additive effect of these two risk factors. The augmentation of superoxide anion production is significant, because oxidative stress may activate redox-sensitive transcription factors. Such transcriptional proteins (eg, nuclear factor-B) induce a panel of oxidant-responsive genes, including the 77-amino acid chemokine MCP-1.
19,20 MCP-1 is an important mediator of monocyte-EC interactions in inflammation and atherogenesis 31 and has been documented in human and animal atherosclerotic lesions. 32 MCP-1 is induced by oxidant stress in ECs, smooth muscle cells, and monocytes. Consistent with this pattern of expression, we observed enhanced expression of MCP-1 in both the endothelial and smooth muscle layers of thoracic aortas isolated from hyperglycemic and hypertensive animals.
The increase in MCP-1 production by oxidative stress may also involve a diacylglycerol-protein kinase C pathway. Expression of MCP-1 mRNA and protein activity induced by lysophosphatidylcholine in human umbilical vein ECs is significantly attenuated by the protein kinase C inhibitor staurosporine. 33 Increased activity of the diacylglycerol-protein kinase C pathway has been reported in the aorta, heart, renal glomeruli, and retina of diabetic rats as well as in vascular cells cultured in hyperglycemic conditions. This enhanced diacylglycerol-protein kinase C activity was significantly inhibited by the free-radical scavengers d-␣-tocopherol and probucol. 34 The source of free radicals induced by hyperglycemia remains controversial. Arachidonic acid metabolites have also been implicated in the production of free radicals and vascular dysfunction due to hyperglycemia. 35, 36 Natarajan et al 37 have shown that exposure of porcine endothelial and vascular smooth muscle cells to elevated glucose or angiotensin II levels increases expression and activity of 12-lipoxygenase, an enzyme capable of producing significant quantities of free radicals. This increased enzyme activity is associated with increased endothelial adhesiveness for monocytes. Interestingly, these investigators found no change in the surface expression of the endothelial adhesion molecules intercellular adhesion molecule-1 or vascular cell adhesion molecule-1. 38 Elevated angiotensin II levels associated with hypertension may also stimulate an NADH/NADPH oxidase system in vascular smooth muscle cells to produce superoxide anion. 39 Increased oxidative stress can negatively affect endothelium-dependent vasodilation by inactivation of NO. Although NO synthesis was not affected in our models of diabetes or hypertension, it is likely that bioactive NO was degraded by the excess superoxide anion. (It is important to note that our assay for NO production does not differentiate between bioactive NO and its inactive oxidation products.) Interestingly, all of the hypertensive groups tended to have higher NO x production than the WKY groups, consistent with reports by Nava et al 40 suggesting that NO synthase may be upregulated in chronic hypertension as a countervailing force. However, with enhanced superoxide anion production, there would likely be a decrease in local NO activity. Indeed, Malinski and colleagues 41 have recently demonstrated that aortic production of bioactive NO in SHRs, as measured by a porphyrinic microsensor, is increased by treatment with SOD. The decreased activity of NO may also play a role in MCP-1 expression. Studies by Zeiher et al 42 indicate that NO may inhibit endothelial transcription of MCP-1 in a cGMPindependent fashion. Therefore, decrements in NO activity, as seen in diabetes or hypertension, can exacerbate the expression of MCP-1.
Recent studies have also demonstrated that elevated levels of glucose may adversely affect endothelial function by nonenzymatic protein glycosylation. 21 A complex array of chemical reactions that can reach equilibrium over several weeks results in insoluble, cross-linked complexes called AGEs. Schmidt et al 22 have demonstrated that exposure of ECs to AGEs can enhance expression of vascular cell adhesion molecule-1 and increase monocyte binding. Interestingly, this effect was inhibited by the antioxidant N-acetylcysteine, indicating an important regulatory role of oxidant stress. Although free radicals may play a significant role in the current investigation, we found no immunohistochemical evidence of AGEs in our diabetic or hypertensive aortas. Therefore, AGEs may play a more important role later in the time course of diabetes-accelerated occlusive vascular disease.
Oxidant-sensitive transcription of adhesion molecules and chemokines increases leukocyte adhesion in vivo. We observed increased endothelial adhesiveness for monocytes induced by diabetes or hypertension. Electron microphotographic studies indicate enhanced leukocyte adhesion to the aortic endothelium in diabetic New Zealand White rabbits. 43 Furthermore, ischemia/reperfusion elicits greater leukocyte adhesion and albumin leakage in diabetic rats. 44 These alterations in the determinants of endothelial adhesiveness can ultimately lead to increased atherosclerosis. Indeed, STZinduced diabetes accelerates the development of atherosclerotic lesions in hyperlipidemic BALB/c mice 45 and human primates, 46 whereas Goldblatt clip-induced hypertension promotes greater aortic lesions in genetically hypercholesterolemic rabbits. 47 In summary, the present investigation revealed that genetic hypertension and STZ-induced diabetes are each associated with increased aortic free-radical production, MCP-1 expression, and endothelial adhesiveness for monocytes. These metabolic disorders act additively to increase the elaboration of superoxide anion and endothelial adhesiveness for monocytes. The present study adds to accumulating evidence that implicates oxidant-sensitive transcriptional activation as a common pathway for vascular disease induced by metabolic disorders such as hypertension, hyperlipidemia, and diabetes mellitus.
